Abstract: A review of recently developed methods to study the structural properties of simple molecular solids under pressures up to the megabar range using synchrotron X-ray diffraction techniques is presented. This includes the growth of single-crystals at high pressure and temperature conditions and the use of He as pressuretransmitting medium. The application of these methods to solid O 2 and CO 2 is then presented as illustrative examples, showing how they enabled to solve long-standing debates on the structure of the high-pressure crystalline phases of these compounds.
Introduction
Simple molecular compounds composed of light elements (mostly H, C, N, O) are ubiquitous in our environment, and are major constituents of our universe; their study is thus crucial for a variety of scientific issues spanning most of natural sciences: physics, chemistry, geosciences and astrophysics. For example, the giant icy planets Neptune and Uranus are believed to contain a thick internal layer of molecular ices (H 2 O, CH 4 , NH 3 ) under pressure conditions ranging from a few tens to a few hundreds of GPa, and temperatures of several thousands K [1, 2] . Knowing the physical and chemical properties of these compounds under such extreme P-T conditions is essential in order to understand the observations gathered from space missions, such as the measured magnetic field and the atmosphere composition. Because of their strong covalent bonds and low mass, these compounds may also have important applications as highdensity energy storage materials. Finally, these systems have always played key roles in the development of condensed-matter physics, because of their simple electronic structure and very high compressibility which allows one to access over an order of magnitude of densities, and thus probe the variation of intermolecular interactions over a large range of intermolecular distance.
An important feature of simple molecular solids is the coexistence in these systems of two types of interactions which greatly differ in strength: the strong covalent bonds between the atoms in the molecule, on one hand, and the weak interactions between molecules, typically of van der Waals or hydrogen-bond type, on the other hand. These weak intermolecular interactions translates into low density crystals at ambient pressure, with large compressibility, or equivalently low bulk modulus B 0 (typically, B 0 + 1 GPa for van der Waals solids and 10-20 GPa for H-bonded solids). The strong intramolecular covalent bonds, on the other hand, are weakly perturbed in the low to moderate density solid state, making the molecule a well defined entity up to relatively high pressures. This picture is strongly modified in the high pressure regime. Indeed, for pressures in excess of 50-100 GPa, the compression energy amounts to several eV and becomes comparable to the energy of the strongest covalent bonds. Meanwhile, the electron kinetic energy increases faster with density (E k + ρ 2=3 ) than the potential energy (E p + ρ 1=3 ), favoring the delocalization of the electrons from the covalent bonds. The combination of these effects eventually results in the "disappearance" of the initial molecular entities and the formation of new solid states where electrons are more delocalized. These can take the form of extended "polymeric" solids, as in CO 2 or N 2 , ionic crystals, as in H 2 O and NH 3 , or metallic solids, as in I 2 or O 2 . The path between the low pressure molecular solid and the high-pressure non-molecular state can be quite complex and proceed through several structural rearrangements and intermediate states.
Major progresses in the experimental study of simple molecular systems have been made thanks to the invention and development of the diamond anvil cell (DAC). Indeed, the DAC is the first and still the only high-pressure device which allows to access static pressures in the megabar range, while varying temperature from sub K to several thousands of K, and thus probe the evolution of these compounds up to the non-molecular regime. It is noteworthy that one of the very first application of the diamond anvil cell by their inventors, C. E. Weir and his collaborators, was to determine the crystal structure of some simple molecular compounds such as benzene and water ice [3, 4] up to about 4 GPa. Until quite recently though, the direct determination of the structure of highpressure phases above +10 GPa using X-ray diffraction remained a difficult task, due to several technical difficulties. First, these solids are composed of low atomic number elements, and the sample volume available in the DAC is very small, making the intensity of the X-ray diffracted signal very weak. This problem has been in great part solved by (i) the availability of intense and highly focussed X-ray beams on third-generation synchrotron sources such as the European Synchrotron Radiation Facility (ESRF, France), the Advanced Photon Source (APS, USA) and the Super Photon Ring (SPring-8, Japan), which all have high-pressure dedicated beamlines, and (ii) the availability of highly-sensitive bidimensional detectors. A second difficulty lies in the obtention of a sample of a high-pressure polymorph suitable for structure solution and refinement. Indeed, the growth of single-crystals at high pressure is at best difficult if not impossible, and obtaining a good powder is also not a trivial task. Third, the limited angular opening of the diamond anvil cell largely restricts the access to the reciprocal space. This translates in low values of completeness and redundancies, especially for low symmetry structures, which added to the interference of diamond anvil and gasket reflections with the sample Bragg peaks, complicates the structure determination.
The purpose of this paper is not to present a comprehensive review of high pressure crystallography, which have been the subject of recent articles (see e.g. Refs. [5, 6] ), but to focus on the experimental methods which we have developed in the recent past to determine the structure of simple molecular crystals using X-ray diffraction up to the megabar range on synchrotron beamlines -in particular the ID09HP and ID27 beamlines of the ESRF. This includes the growth of single-crystals at high P-T and the use of helium as pressure medium, taking advantage of the mixing properties of He with other molecular compounds. These methods have enabled important breakthrough in the understanding of the dense oxygen and carbon dioxide solids, which we will described as illustrative examples.
Experimental methods

The membrane diamond anvil cell
All the experiments presented in this article were conducted using membrane diamond anvil cells (mDAC) [7] , of designs slightly modified from the one described in Ref. [8] . In the mDAC, the force is generated by inflating a steel membrane with helium gas, which pushes on the DAC piston (Fig. 1) . Compared to the Merrill-Basset DAC usually employed in single-crystal laboratory work [9] , the mDAC presents two main advantages: first, the sample pressure may be varied up or down very smoothly by adjusting the membrane pressure using a dedicated pressure controller. This is in particular very useful for growing crystals from the melt at constant temperature. Second, the sample pressure is remotely controlled, since the helium gas is transferred to the membrane through a capillary tube. This eliminates the need of realigning the cell after a pressure step, and also greatly facilitates pressure control at variable temperature, inside a resistive oven or a cryostat. Fig. 1 : Sketch of a MDAC for X-ray diffraction studies. The design is adapted from the original one of LeToullec et al. [8] . The cell is cylindrical with 50 mm diameter and 25 mm height. Pressure is generated by inflating the membrane (6) with pressurized He gas, which pushes the upper body part (2) against the lower one (1). Four guide pins (3) maintain the two plates parallel. The total angular access for X-rays is 82°. The diamond anvils (7) are shaped according to the Boehler-Almax design [16] , and rest on respective WC seats (4 and 5) . Similar designs of mDAC are commercialized by the French company BETSA (http://betsa.fr/).
The growth of crystals often requires to work at elevated temperatures, this is why the body of the mDAC is constructed out of refractory steel materials (PER72 or PYRAD53N from Auber et Duval). The latter keep good mechanical properties up to about 800°C. In order to obtain homogeneous temperature conditions, the whole DAC is fit into a cylindrical heater for temperatures up to +800 K. If higher T is needed, we add a small resistive heater around the diamond anvils or the gasket. The temperature is controlled by a type-K thermocouple cemented to one of the diamond anvils close to the culet. Numerous experiments have shown that the temperature readings are accurate within !5 K. At high T, pressure is determined with the fluorescence of a small powder amount of SrB 4 O 7 :Sm 2þ using the calibration reported in Refs. [10, 11] or from the Raman TO line of cubic BN [11, 12] .
The DAC body of our mDACs have X-ray conical full openings 4θ of 76 to 90°. In the original design, the diamond anvils were cut in the "standard design" and sat on top of diamond seats made out of boron, cubic boron nitride or boron carbide. Compared to the beryllium seats traditionally used in the Merill-Basset DAC which are limited to pressures of about 10 GPa, the latter materials combine the advantage of being very resistant to compression while being transparent to hard X-rays, thus enabling X-ray diffraction pattern to be collected in the megabar range [13] [14] [15] . For single-crystal angular-dispersive X-ray diffraction, the diamond seats are machined with a slit in order for the direct X-ray beam to travel without hitting them, hence giving diffraction images free from diffraction rings from the seats. This constrained however to collect diffraction in a single orientation of the DAC with respect to the load axis, while the DAC could be rotated along the vertical (ω) axis by !30°. In the last years, we have adopted the Boehler-Almax diamond anvil and seat design, with conical X-ray aperture of 70 or 82° (Fig. 1) [16] . In this case, the backing seats do not need to be constructed out of X-ray transparent materials, and are typically made out of tungsten carbide. This geometry also enables 360°rota-tion about the DAC axis, while still not getting any diffraction from the diamond seats.
X-ray diffraction setup
Most experiments were conducted either at the ID09HP or ID27 [17] (table) plane; -two translation stages cenx, ceny, allowing to position the sample on the ω rotation axis.
A typical experiment consists, first, in aligning the sample on the X-ray beam using the say and saz translations, and then aligning it on the ω rotation axis using cenx and ceny. This ensures that the sample stays inside the X-ray beam when rotating about ω. Additional rotations about the horizontal χ axis (identical to the DAC load axis) is usually done manually. For single crystals, rotation images are collected with ω steps of typically 0.5°and exposure time of typically 1 sec. Data sets with different exposure times may be collected in order to optimize the I=σðIÞ ratio either for strong or weak reflections.
Single crystal or powder?
One of the main difficulties encountered in determining the structure of molecular solids under high pressure, and more so for those which are not stable at ambient pressure, is to obtain a suitable sample. It is well known that there are two favorable cases for structure solution: a single crystal or a randomly-oriented fine powder. The best choice, when available, is the single crystal, as more information are accessible compared to powders, making the structural solution in general easier, more precise and more robust. It should be kept in mind though, that at high pressures the single crystal data cannot be as complete as at ambient conditions because the high-pressure cell limits the angular access to the sample, and thus the number of observable reflections. Moreover, obtaining a single crystal is in general complicated, if not impossible, when the high-pressure phase of interest is separated from the low-pressure solid by one or more first-order reconstructive phase transitions which unavoidably break(s) the crystal. In some cases it may be possible to obtain one or few crystals if the first-order transition is "weak", that is, characterized by a small volume jump, and molecular diffusion through the crystal is relatively easy. Other "tricks" may be used, such as the use of mixtures described in the next section. If possible, growing a single crystal from the melt also requires a very fine control of pressure and temperature in order to nucleate and keep a single germ and not stress it by a rapid pressure increase. This is usually difficult, especially when the crystal growth requires high temperature conditions, but is largely simplified if one uses a membrane diamond anvil cell as described above.
Obtaining a "good" powder, that is, composed of a large number of randomly-oriented small crystallites, is also a tricky operation for light molecular compounds. Indeed, these soft solids can easily and rapidly form large crystallites to minimize the surface energy (Ostwald ripening), and reorient to minimize the strain when the pressurizing conditions are not hydrostatic, which is the case when no pressure medium is used (the stress is then greater along the DAC loading axis). These two effects result in a powder pattern which is largely spotty and textured, from which structure solution and refinement are unreliable if not impossible.
In summary, the choice between single crystal or powder highly depends on the system and particular high pressure phase of interest. A combination of the two might also be useful, as the lattice parameters and candidate space groups can be generally readily obtained from a powder pattern, which can then help in analyzing data from poor or twinned single-crystals.
Single-crystal growth
Light molecular compounds are usually in the state of gas or liquids at ambient conditions, therefore single crystals cannot be directly loaded in the DAC and must be grown in situ at high P/T conditions. Two opposite situations are encountered:
The high-pressure phase is bordered by the melt: That is, no other solid phase exists between the one of interest and the melt. It is then possible to grow the HP phase by slow compression of the melt until one or few crystal seeds nucleate. Due to growth coarsening effects, one may readily obtain a single crystal by just waiting long enough. Alternatively, one may slowly decrease pressure or increase temperature in order to melt all but one crystallite. By cooling down or increasing the load from this state, the crystal eventually fills up the whole sample chamber.
The high pressure phase is not bordered by the melt: In this case, it can be attempted to grow a single crystal of the low-pressure phase (that is in contact with the melting curve) and from there increase pressure very slowly through the transition to the HP phase. This method only works if the solid-solid phase transition is second order or weakly first-order (generally of displacive type). For example, a crystal of the orthorhombic phase IV of NH 3 was obtained by growing a single crystal of the face-centered cubic (fcc) phase III at the melting pressure of 0.9 GPa at 300 K, and slowly compressing up to the transition pressure of 4 GPa [15] . This transition is weakly first-order, with a volume drop of 1.5%. It may be viewed as "quasi-martensitic" since the nitrogen atoms in NH 3 -IV are only slightly displaced (within 0.11 Å) with respect to the positions in the hexagonal close-packed (hcp) structure [18] . The crystal quality was found to be reduced ascompared to the phase III crystal, as indicated by its larger mosaicity, but this was more as a result of the nonhydrostatic compression from 0.9 to 4 GPa, as no pressure medium was used, than as a result of the phase transition (the mosaicity below and above the transition was similar) [15] . A similar method was used by Maynard-Casely et al. [19] to grow a single crystal of the high-pressure phase A of methane at 9.3(4) GPa, by slowly cooling through the I-A phase transition at ca. 400 K. Note that annealing the crystal to high temperatures (a few hundred K above ambient) might help in improving its quality, however this is not always possible as other structures may be stable at high T.
If this method fails, other "tricks" must be found, as the one devised by Weck and collaborators to obtain a crystal of the ε phase of oxygen. Although ε -O 2 can be accessed from the melt, this requires P-T conditions in excess of the βÀε À fluid triple point at 650 K and 16.3 GPa. Experience shows that fluid oxygen easily diffuses into diamond anvils above 650 K, causing their failure, thus preventing from growing ε-O 2 crystals. Another method was thus devised, which was based on the properties of oxygen-helium mixtures. As described by Weck et al. [20] , He-O 2 mixtures present, at ambient temperature, a binary diagram of eutectic type with two triple points (see Fig. 2 ). The first one, at 6.7 GPa and 52 mol% O 2 , corresponds to an equilibrium between two fluid phases (F1 and F2) and solid oxygen. The second one corresponds to the equilibrium S He þ F 1 þ S O 2 at 11.9 GPa and 0.25 mol% O 2 . The first important point validated by this study of oxygen-helium mixtures is that oxygen and helium are immiscible in the solid phase. This allows structural studies of the pure oxygen solid phases. In fact, it is very difficult to measure the solubility of He in solid oxygen below 1 mol% He but, if existing, this residual solubility has no effect on the equation of state nor on the structural changes. The second information extracted from this binary diagram, is the presence of the first triple point at 52 mol% O 2 leading to a sharp phase separation at 6.7 GPa for any sample of initial oxygen concentration over 5%. As a consequence the growth of a high quality single crystal will only be possible below this concentration.
Another constraint is the presence of the δÀε phase transition which has a strong volume change and thus breaks the single crystal. As a result, the growth of the single crystal must take place in the stability domain of the ε phase. Figure 3 superimposes the phase diagram of pure oxygen with the F 1 ! {S O 2 þ F 1 } demixing curves for a sample with an initial concentration of 2.6% oxygen. The demixing curve crosses the δÀε transition line at around 12 GPa and 380 K, and above this temperature single-crystals grow directly in the ε phase. Finally, for such initial concentration, the oxygen crystal occupies one third of the sample cavity, as seen in Fig. 4 .
This method was also used to grow crystals of other compounds. As a matter of fact, it was first described by Loubeyre et al. for the cases of H 2 and D 2 single crystals [13] . More recently, Mallick et al. [21] used the same trick to grow single crystals of CO 2 phase I embedded in He. Clearly, this method relies on the topology of the binary phase diagram of He mixed with the molecular compound of interest, and in particular whether the two components unmix in the solid phase at high He concentration. A counter-example is given by the N 2 -He system, where demixing does not occur between the pure components but between solid He and the van-der-Walls (N 2 ) 11 He compound [22] . A simple geometrical criteria is usually correct in predicting whether the two systems mix or not, [20] . The black circles are experimental points. The inset corresponds to a zoom around the second triple point at 11.9 GPa and 0.25%. Fig. 3 : which is based on the empirical Hume-Rothery rules for binary metallic alloys [23] . According to the latter, solid solutions (or alloys) of binary mixtures exist if the effective diameter of the two components do not differ more than 15%. For hard sphere mixtures, stoichiometric compounds of formula AB, AB 2 , AB 13 are stable for atomic diameter ratios in the range 0.2-0.42, 0.42-0.59, and 0.48-0.62, respectively [24] . Laves phases compounds occur for a diameter ratio of 0.816 [25] . Outside these concentration ranges stand miscibility gaps where the two components are predicted to unmix. The effective diameter D X of a molecular species X at a given pressure is proportional to the cubic root of its molar volume. 
Embedding crystals in a soft pressure medium
The use of He is not only useful for crystal growth of a high-pressure polymorph of a molecular compound as seen above in the case of ε-O 2 , but also provides a hydrostatic -or quasi-hydrostatic, pressure medium for the crystal, thus helping to prevent the destruction of the latter on compression. Indeed, when the crystal is grown in a sample of a pure compound, it is bridged between the two very hard diamond anvils and the metallic gasket.
Usually an increase of pressure of a few GPa, even at very slow rates, is enough to observe on the X-ray images the Bragg spots broaden in angular width, signaling a loss of crystal quality. In some cases, the quality may still be enough for structural refinement in the 20 GPa range, but hardly above. For example, X-ray diffraction data from a single crystal of nitromethane grown from the melt at 1 GPa, 300 K were collected up to 15 GPa and could be used to refine the atomic positions, but at higher pressure, the crystal quality became too poor to obtain reliable peak intensities [26] . Helium has been shown to remain quasi-hydrostatic well above its freezing pressure (11 GPa at 300 K) [27, 28] , and is thus considered as the best pressure transmitting medium (PTM) for samples in a DAC. The advantage of using He as PTM for single-crystal studies of simple molecular compounds was first demonstrated by Loubeyre et al. for molecular hydrogen [13] . These authors could grow single crystals of H 2 and D 2 embedded in He, which enabled them to compress the crystal up to 120 GPa and measure several diffraction lines using energy-dispersive techniques, from which they could determine the equation of state. The use of the He PTM actually prevented the single crystal from breaking and largely extended the pressure range of previous works that did not use any PTM. Single-crystals of D 2 in He were also used in singlecrystal neutron diffraction experiments on phase II by Goncharenko and Loubeyre [29] . The same strategy was used by Weck et al. to study the high pressure phases of oxygen up to 133 GPa [14, 30] , by Ninet et al. to study (N 2 ) 11 He up to 135 GPa [31] , and by Datchi et al. to study the polymeric phase V of CO 2 up to 65 GPa [32] . In the latter case, the use of He as PTM proved crucial to obtain a reliable equation of state (see below).
Clearly, He can only be used as PTM in cases where no compounds or alloy is formed at HP with the system of interest. Counterexamples include N 2 and H 2 O, which both form compounds with He [22, 33] . Knowledge of the phase diagram of the binary mixture is thus requested beforehand, to determine the solubility of He in the com- [104] (fluid H 2 ), [13] (solid H 2 ), [105] (solid CO 2 ) and [30] (solid O 2 ). The dash-doted line indicates the ratio for Laves phase [25] . 
Examples
Solid oxygen: molecular association and metallization
Among the simple diatomic molecules, oxygen has the peculiarity to present a triplet (S ¼ 1) ground state. At low pressure, the exchange-interaction is considered to impact the structures and the stability of its solid phases. Four different crystallographic arrangements, α, β, γ and δ have been identified below 8 GPa. At ambient pressure the low temperature antiferromagnetic α phase (monoclinic, C2=m), magnetically short-range-ordered β (rhombohedral, R 3m) and the paramagnetic γ (cubic, Pm 3n) phases have been widely studied and fully characterized [35] . On compression at room temperature, liquid oxygen solidifies into the β phase at 5.5 GPa, which further transforms into orthorhombic δ-O 2 at 9.6 GPa. The magnetic nature of the δ phase was only recently evidenced by neutron diffraction [36] . Both the α, β and δ phases are layered arrangements of O 2 molecules with the molecular axis oriented perpendicular to the layers. Further compression to 9.9 GPa leads to the transition to the ε phase, which is accompanied by a substantial decrease in volume of 7%, a dramatic colour change from orange to red and the appearance of strong infrared absorption band [35] . The only neutron diffraction measurement carried out so far suggests the absence of magnetism in ε-O 2 [37] . The ε phase is stable up to 96 GPa, pressure at which oxygen becomes metallic.
The ε phase
The epsilon phase was first observed in 1979 in an optical experiment where the authors observed the sample turning dark red at about 10 GPa at round temperature [38] . The passage in the ε phase is accompanied by significant changes: a strong volume discontinuity, new Raman and infrared bands and a magnetic collapse [35] . The structural characterization of the ε phase has been a matter of debate for more than twenty years. The layered nature of the structure was first suggested by optical experiments. This feature was confirmed by Johnson et al. who performed the first "single-crystal" (the sample contained at least seven individual crystals) X-ray diffraction experiment on a pure oxygen sample at pressures above 10 GPa [39] . They found for ε-O 2 the based-centered monoclinic lattice of space group A2=m with 8 molecules in the unit cell. This space group was later confirmed in powder X-ray diffraction experiments performed on samples of pure oxygen [40, 41] . In one of this study, conducted by Akahama et al. [41] at the very beginning of the user operation at the ESRF synchrotron source, the diffraction lines were followed up to above the metallization. Later, Weck et al. [42] performed the first energy dispersive X-ray diffraction (EDXD) experiment on a single-crystal of oxygen in helium and reported a different pressure dependence for the lattice parameters. The exact atomic positions still remained unresolved. In parallel, Gorelli et al. proposed to interpret the new infra-red absorption band observed above 10 GPa with a unit cell composed of O 4 molecular units [43] , while first-principle calculation suggested an association in a herringbonetype chains of O 2 molecules [44] .
The definitive structural determination came out simultaneously in 2006 in two independent X-ray diffraction experiments revealing a new form of oxygen. On one hand, Fujihisa et al. performed angle-dispersive X-ray diffraction experiments on powder samplesof pure oxygen [45] . The samples were loaded cryogenically in diamond anvil cells with a conical aperture in order to obtain full Debye-Scherrer rings. The data were collected on the BL10XU station at SPring8 using a monochromatic X-ray beam of wavelength 0.4964 Å and an image plate detector. The structure was solved on a powder pattern collected just above the δÀε transition at 11.4 GPa and indexed in the monoclinic C2=m lattice (with a ¼ 8:141 Å, b ¼ 5:747 Å, c ¼ 3:773 Å and β ¼ 117:0°). The latter study differs from previous ones essentially on the model used for Rietveld analysis: while previous refinements were performed assuming the position of the molecule fixed at the origin of the lattice, here the authors developed a model which provided the degree of freedom for the translation and the tilt of the molecules, which led to a significant improvement of the quality of the Rietveld fit. The other study, which gives a more complete description of the structural arrangement in the ε phase, came out from a collaboration between L. Lundegaard and M. McMahon from the SUPA group at the University of Edinburgh, S. Desgreniers from the University of Ottowa and G. Weck and P. Loubeyre at the CEA [46] . They used the single crystal X-ray diffraction technique with a CCD detector to determine the structure of the ε phase. The oxygen crystals were grown from a 2.6 mol% O 2 in helium mixture at 450 K and 22 GPa following the method described in the Experimental section. Two samples were prepared with different crystal orientations and the data were collected at three pressures between 13 and 18 GPa. Measurements were carried out on station 9.8 at the SRS, Daresbury Laboratory. The structure was solved with the structure solution software SIR92 in the C2=m space group with no additional constraints on the atomic positions. The refined parameters are presented in Table 1 .
The solved structure is similar to the one obtained by Fujihisa et al. with three symmetry-inequivalent atoms: two (oxygen O1 and O2) at the 4i positions of the C2=m space group and the third (O3) at the 8j position. As in the βÀδ phases, the ε phase is composed of layers of O 2 molecules with their molecular axis perpendicular to the layers. But in contrast to the low pressure phases, the distances between the molecules within the layer are not equivalent. The ε structure can hence be described by the association of four O 2 molecules arranged into a rhombo-shaped (O 2 ) 4 molecular unit, but preserving their diatomic character. The (O 2 ) 4 clusters are centered at the origin of the lattice and at the center of the ab plane (see Fig. 6 ). The distance between the O 2 molecules within the O 8 unit is 2.18 Å at 17.6 GPa while the distance between neighboring O 8 unit is 2.57 Å. The large volume contraction observed at the δ-ε phase transition can now be explained by the dramatic reduction of the nearest neighbor distance from 2.57 in the δ phase at 9.6 GPa to 2.25 Å in the ε phase at 13.2 GPa and hence by the formation of the (O 2 ) 4 molecular cluster.
This new molecular arrangement, with a D 2h symmetry, allows for nine Raman and seven infrared vibrational modes. Their vibrational frequencies were calculated within the density functional theory using the Spartan 5.1 software [47] . Three infrared modes were found to have significant absorption ( coupled in diagonal, was expected to be weak and had never been reported. Raman spectroscopy measurements were performed on different samples to search specifically for this mode and above 30 GPa, a new Raman peak (at 1430 cm À1 at 33 GPa) was observed which was attributed to this fourth Raman mode (Fig. 7) . This signature of the (O 2 ) 4 molecular cluster corroborates, if needed, the diffraction results. The pressure evolution of the lattice parameters in the ε phase was then re-measured using the new structural model. By using the same X-ray diffraction powder technique, Fujihisa et al. extended their measurements up to 96 GPa [45] . On the other hand, Weck et al. [30] performed new angle dispersive single-crystal X-ray diffraction measurements at the ID27 beamline at the ESRF up to 133 GPa (the detail of the experiment is described in the next section). The important point to be noticed here is that the two diffraction techniques present now consistent results in good agreement with the previous EDXD data [14] . The intraplanar compressibility (along the a and b axes) is seen to be greater than the interplanar one and above 30 GPa, the b axis becomes more compressible than the a axis. Recent first-principle calculations have proposed a mechanism for the εÀζ phase transition in which the O 8 molecules connect along the b direction resulting in a sharp shortening of the b axis [50] . In this scheme, the different compressibilities along the b and c axes can be seen as a precursor of the transition.
Metallic ζ phase
The metallic phase was first evidenced by Desgreniers et al. who performed optical absorption measurements on solid oxygen and showed the closure of the electronic band gap with pressure [51] . Later, Shimizu and coworkers confirmed the metallic transition by resistivity measurements and reported a superconducting state at 100 GPa and T c ¼ 0:6 K [52] . The O 2 intra-molecular stretching mode was measured up to 134 GPa, evidencing the molecular nature of the metallic state [53] . The first structural study of the ζ phase was performed by powder X-ray diffraction showing a continuous evolution of the X-ray diffraction lines through the insulator to metal transition, leading the authors to propose an isostructural transition with a small discontinuity in the lattice constants [41] . This result was disputed by a subsequent single-crystal X-ray diffraction study indicating a continuous displacive phase transition, not isostructural to the ε phase [14] . Finally, various first-principles DFT calculations have been carried out to help resolving the structure of the ζ phase. An earlier work of Serra et al. [54] proposed the C2=m structure with four molecules per unit cell. More recently, two competitive lowest enthalpy structures were proposed from calculations [50] : one of space group C2=c, containing four O 2 molecules per unit cell, arranged in a chainlike herringbone structure, and a second one, suggested as being the best candidate, isosymmetric to the ε phase, with chainlike connections between the O 8 units.
New angle dispersive X-ray diffraction measurements (ADXD) were performed by Weck et al. [30] at the ID27 beamline at the ESRF in the stability domain of the metallic phase. Three different oxygen single crystals embedded in helium were prepared in diamond anvil cells equipped with Boehler-Almax anvils of culet size 100 μm. The crystal orientations were selected, thanks to the anisotropic optical properties of the ε-phase, as illustrated in Fig. 8 . At the maximum reached pressure the sample size was less than 30 μm in diameter. The monochromatic beam was focused down to below 10 μm in order to avoid diffraction from the surrounding Re gasket. The orientations of the crystals were determined at around 20 GPa and the observed reflections were followed up to 95 GPa (near the metallic transition) to check for consistency with previous EDXD data (see Fig. 9 ). The quality of the single-crystals was controlled, through an inspection of the rocking curves and d-spacings, prior to the structural transition. Then the evolution of the diffraction peaks was measured over 5 pressure steps up to the maximum pressure of 133 GPa. Between 96 GPa and 106 GPa, we observed significant changes of the diffraction images characterized by: 1) the disappearance of some of the reflections, 2) the broadening and the sliding of the remaining peaks. Furthermore, the rocking curves, while still presenting well defined maxima, extended over several degrees in ω, indicating a deterioration of the single crystal. This results confirmed previous observations of a displacive transition with major structural modifications [14] . Details of the diffraction image of the ζ phase, recorded at 133 GPa, is given in Fig. 8 . The ω-resolved scans carried out at 133 GPa and their comparison with the scans performed in the ε phase below 96 GPa allow explaining the presence of doublets on the image as stemming from the merging of two different reflections belonging to twin crystals, as illustrated in Fig. 8 . The reflections observed above the transitions remain well indexed by the monoclinic C2=m unit cell of the ε-O 2 and the lattice parameters measured in the metallic phase are in very good agreement with the structure proposed by Ma et al. [50] . This assignment is also consistent with Raman spectroscopy measurements carried out on the same single crystal at 118 GPa. This is shown in Fig. 10 where nine Raman mode are observed while a maximum of twelve Raman active bands (7A g þ 5B g ) are expected for the C2=m unit cell, with the oxygen atoms of eight molecules on the 8j and 4i Wyckoff positions. The abrupt change of lattice parameters observed between 96 GPa and 106 GPa (see Fig. 9 ) demonstrates clearly the onset of a first-order phase transition. The structural transformation is shown to take place in the ab plane, with the b direction undergoing a contraction of about 10%, while the a direction slightly increases. The ε-ζ transition can then be viewed as being mostly an "intra-plane" transformation. According to the results of ab-initio calculations [50, 55] , this corresponds to the connection of the O 8 units along the b direction so that the intra-O 8 distance and inter-O 8 distance become equal.
Carbon dioxide: from the molecular solid to the polymer
Under ambient conditions, carbon dioxide is a simple triatomic molecule which is linear (EOCO ¼ 180°) and has a short CÀO bond length of 1.168 Å. It is the only dioxide of group 14 elements which is not solid at atmospheric pressure, but a molecular gas. This is because the carbon-oxygen distance is small enough to allow for the formation of covalent π bonds (by overlap of p orbitals of both atoms) in addition to the σ bonds: all the outer electrons are then paired in a covalent bond and the molecule is stable. All the other group 14 elements (Si, Ge, Sn, Pb) form extended covalent structures with tetrahedral XO 4 units bridged by oxygen atoms. The π bonds in CO 2 are less stable than the σ ones and one may thus expect that they will be the first to be affected by pressure-induced electronic delocalization. The question thus naturally arises as what the molecule will become at very high density. This question is also important for geosciences, as CO 2 is believed to play a role in the carbon budget, oxygen fugacity and chemistry of the deep lower mantle. The high-pressure phase diagram of carbon dioxide has been intensively investigated in the last two decades, which allowed the discovery of several solid phases. The experimental phase diagram up to 70 GPa is depicted in Fig. 11 . The various phases can be separated into two classes: the molecular crystals, below 40 to 60 GPa depending on temperature, and the (non-molecular) extended covalent solids at higher pressures. In the molecular solids, the CO 2 molecule is a well defined entity, whereas it has disappeared in the non-molecular ones. The crystalline structure of several of these solid phases have been strongly controversial, in particular the one of phase IV, which is stable in the intermediate pressure range, and the one of phase V, which is the first non-molecular phase to be discovered above 40 GPa. In order to solve these controversies, we have applied the techniques presented in the Experimental section, which allowed us to determine the structures of phase IV and V as described below.
Phase IV
Phase IV was first observed by Yoo et al. [56] [57] , and the dotted line are melting measurements from Ref. [106] .
could be quenched to room temperature and was compressed up to 80 GPa, pressure above which it was suggested to become amorphous. This phase can also be obtained by compression of phase I above +12 GPa at high temperature (T > 500 K) [57] , or by annealing phase II. Once formed, it never reverts to neither phase II nor III on cooling, but reverts to I on decompression below 11 GPa. These observations suggest that phase IV has a larger P-T stability range than indicated in Fig. 11 .
The crystalline structure of phase IV was first investigated by Park et al. using powder X-ray diffraction of a CO 2 -IV sample at 15 GPa and quenched to room temperature [58] . Their analysis suggested two possible structures of, respectively, tetragonal (space group P4 1 2 1 2) and orthorhombic (space group Pbcn) symmetry. These two structures are actually very close with respect to molecular arrangements, and mainly differ by their internal EOCO angle as seen below. Although the X-ray data alone were not sufficient to prefer one structure over the other, other arguments based on the relation between phase IV and the other molecular phases made Park et al. believe that the Pbcn structure was the most likely. In both structures, the molecules were found to adopt a bent geometry, with a EOCO angle of 171°for the tetragonal variant or 160°in the orthorhombic one. Furthermore, the intramolecular CÀO distance was +30% longer than the gas value, at 1.487 Å in P4 1 2 1 2 or 1.533 Å in Pbcn, that is, in the range of single covalent CÀO bonds (as seen later on actually, the CÀO bond distance in the non-molecular phase V is shorter, at 1.4 Å at 15 GPa). The authors of Refs. [56, 58] suggested that the molecular distortion was the consequence of increasing intermolecular interactions, and that phase IV (as well as phases II and III) could be regarded as an "intermediate bonding state" between the purely molecular phase I and the extended polymeric phase V. In this scenario, the molecules gradually and statically distort under increasing pressure, until the double C¼O bonds breaks at the transition to phase V.
The large bond lengths and bending were however contested by a theoretical study by Bonev et al. based on density functional theory [59] . Starting from the proposed Pbcn structure, and relaxing the atoms to find the minimum energy configurations, Bonev et al. found that the molecules spontaneously reverted to a geometry close to that observed for the isolated molecule and phase I. The energy difference between the theoretical and experimental structures was very large, exceeding 6 eV per molecule, which is comparable to the dissociation energy of the molecular covalent bonds. Subsequently, Gorelli et al. [60] reported infrared absorption and Raman data on phases II and IV. For the latter, the number of observed vibrational modes was found incompatible with that expected for the experimentally proposed structures with bent molecules. The weak energy difference observed between phase IV and the purely molecular phase VII also suggested that phase IV is purely molecular [57] . These theoretical and experimental results casting a serious doubt on the structure reported by Park et al., new experimental data was clearly needed.
The strategy adopted by Datchi et al. [61] was to grow a single-crystal of phase IV, which Park et al. presented as "a formidable challenge" [58] . As a matter of fact, if phase IV can be directly accessed from the fluid (see Fig. 11 ), this is at P-T conditions beyond the fluid-VII-IV triple point estimated at +18 GPa and +1030 K, a temperature which is close to the limit of resistive heating methods. However, Giordano et al. [57] observed that for temperatures above 800 K, i.e above the I-VII-Fluid triple point, a sample of phase IV may be decompressed down to the melting line without transiting into phase VII. A polycrystal of phase IV was thus prepared by annealing the sample at 15 GPa up to 830 K, and then slowly decompressing isothermally down to the melting point (11.7 GPa). At melting, the polycrystalline sample rapidly recrystallized and a single crystal seed in equilibrium with its melt was eventually obtained (Fig. 12) . The temperature was then slowly lowered down to ambient at constant P, as phase IV is known to be metastable at room temperature [56, 58] .
X-ray diffraction experiments were conducted at the European Synchrotron Radiation Facility (Grenoble, Fig. 12 : Photograph of the crystal of CO 2 -IV in equilibrium with the melt at 11.7 GPa and 830 K, as viewed through the diamond anvils. The triangular opaque crystal near the center is a c-BN crystal used for pressure measurement.
France) on beamlines ID09HP and ID27. A set of diffraction images was collected from the CO 2 -IV crystal at 15.2 GPaÀ295 K while oscillating ω from À30°to 30°by steps of 0.75°(at a unique value of the χ angle). Figure 13 shows a detail of the diffraction pattern obtained while continuously rotating ω over the full 60°range. The sharp diffraction spots testifies of the high quality of the crystal: the average mosaicity measured in the plane of the detector is 0.21°.
Reduction of the data set was conducted with the Crysalis Pro software [62] . All 400 measured reflections could be indexed with a rhombohedral unit cell with lattice parameters a R ¼ 6:108ð1Þ Å and α R ¼ 89:87ð5Þ°(or a H ¼ 8:628ð1Þ Å, c H ¼ 10:604ð4Þ Å for the conventional R-centered cell with hexagonal axes). From the estimated density, it was determined that the primitive cell contained 8 molecules (respectively 24 in the R-centered cell). Analysis of the systematic absences suggested either the R3c or R 3c space groups, with an internal agreement factor R int of 0.01. The structure was solved in R3c using ab initio methods as implemented in the Sir2004 software [63] , but it turned out that the same solution could be refined in R 3c with no loss in fit quality (a centrosymetric structure was also supported by E-statistics [64] ). Refinement of the atomic positions and anisotropic thermal parameters (20 parameters in total for 157 independent reflections) was conducted with the CRYSTALS software [65] . The final residual factors R 1 and wR 2 were 0.035 and 0.068 respectively, showing that the model fits very well the data. The structural parameters, data collection and refinement details are given in Table 2 . Diffraction data sets were also collected at 18.3 GPaÀ 295 K (from the same crystal) and at 15.9 GPaÀ638 K (from a different crystal), which gave the same results as the first one. A representation of the unit cell of phase IV is shown in Fig. 14 . It contains two symmetry inequivalent molecules, M1 and M2. M1 lies along the 3-fold axis on a site of symmetry S 6 , whereas M2 is oriented perpendicular to the 2-fold axis at (0, y, 1/4) and occupies a site of C 2 symmetry. The C¼O bond distance is, within standard deviations, the same for M1 and M2, 1.155(2) Å. This value takes into account the small correction (þ0.005 Å) due to thermal vibration using the simple rigid bond model from Ref. [66] . The C ¼ O bond distance determined by single-crystal X-ray diffraction in phase I at 1 GPa, 295 K is 1.168 Å [67] , which is the same as that measured in the gas phase [68] . Hence, the intramolecular bond shortens under pressure, in sharp contrast with the intermediate bonding scenario. Moreover, no bending of the molecules is observed: the ECOC angles are 180(0)°and 179.8(2)°for M1 and M2 respectively.
The arrangement of the first-neighbor shell of molecules around a molecule M1 bears strong resemblance with that existing in the Pa 3 phase I [61] . Since it is well known that the Pa 3 structure is the one that minimizes the electric quadrupole-quadrupole (EQQ) interactions at low density, this suggests that the EQQ interactions are still influent in the R 3c phase IV. This is not very surprising, as the CO 2 molecule has one of the strongest electric quadrupole moment among simple molecules (À14:27!0:61 Â 10 À40 C/m 2 ) [69] . As a matter of fact, the R 3c structure is also adopted by two other quadrupolar molecules under pressure: N 2 and CO (ε phase) [70] . CO 2 and N 2 further share the Pa 3 and P4 2 =mnm structures at lower P/T conditions, making their phase diagrams quite similar as far as the molecular phases are concerned. The phase sequence Pa 3 ! P4 2 =mnm ! R 3c may thus be understood by the requirement of accommodating the EQQ interactions in more compact structures as pressure, and thus density, increases.
The theoretical stability of the R 3c structure was investigated within the density functional theory (DFT), using either the local density approximation (LDA) or the generalized gradient approximation (GGA) [71] . Starting from the experimental unit cell, all structural parameters were optimized at several volumes. The structure was found dynamically stable and the final atomic positions were very close to experimental ones. The C¼O bond length determined at the same volume as experiment at 15.2 GPa is slightly larger than the experimental one (1.163 Å and 1.167 Å for LDA and GGA respectively), but is also found to decrease with pressure, at a rate of about À0:0004 Å/GPa. The intramolecular EOCO angle for M2 molecules is 179.8°, in exact agreement with experiment, and does not change with pressure up to 50 GPa [61] . The theoretical Raman and IR spectra of the R 3c crystal were also computed via density functional perturbation theory (DFPT) [72] in the GGA approximation, and are compared to the experimental ones in Fig. 15 (for clarity, the spectra have been truncated to frequencies below 700 cm À1 ).
There is a remarkable agreement between calculated and measured Raman spectra, especially for the lattice modes. The +8% frequency difference for the ν 2 (bending) modes is of similar amplitude as that obtained for the isolated molecule: in this case, DFT calculations give 630 cm À1 , while experiment gives 668 cm À1 . The most intense lattice peaks of the theoretical IR spectra at 20 GPa (equivalent to an experimental pressure of +17 GPa) are also in good correspondence with the experimental spectra of Ref. [60] . These results showed that phase IV is a purely molecular crystal and therefore invalidated the existence of intermediate bonding states proposed in earlier works [56, 58] . It has been argued however that the two experi- mental studies did not probe the same phase, for the intermediate bonding states are not to occur before a pressure of +20 GPa [73, 74] . These arguments can be easily rejected: first, Park et al. [58] reported that their samples of phase IV were obtained "by externally heating phase III to temperatures between 500 and 750 K at pressures between 11 and 20 GPa, respectively": this is exactly the same P-T range as used by Datchi et al. [61] to synthesize phase IV (see above). Second, the structures (P4 1 2 1 2 or Pbcn) reported by Park et al. [58] were refined on a powder diffraction pattern collected at 15 GPa and room temperature, that is, almost exactly at the same P-T conditions as the single-crystal data set collected by Datchi et al. (15.2 GPaÀ295 K) [61] . Third, the Raman spectra of phase IV measured in the two studies are identical; Fourth, there is no anomalous variation of the Raman [56] or IR [75] vibrational frequencies below and above 20 GPa, as would be expected if the molecular bonds suddenly experienced a strong bending and elongation. Note also that the Raman activity of the bending ν 2 modes, exhibited as evidence for bent molecules in phase IV, is also observed in the R 3c structure with linear molecules, where it simply originates from the loss of inversion symmetry at the M2 molecular sites (C 2 symmetry). The question naturally arises as how two such different structures, the R 3c on one hand, with linear and short molecules, and the Pbcn on the other hand, with bent and long molecules, can be derived from experimental X-ray diffraction data collected at nearly the same P-T conditions. Figure 16 shows the simulated powder X-ray patterns for the two structures: it can be seen that they resemble each other, the strongest reflections being at very similar 2θ angles. As a matter of fact, one may obtain a rather good Le Bail fit of the Pbcn pattern using the R 3c structure (with all atomic parameters fixed), as illustrated in the figure. Park et al. indicated that their sample was heavily textured, which implies large variations of the relative intensities of the Bragg reflections from the non-textured case, and can make the Pbcn pattern look like the R 3c one. Moreover, the refined atomic displacement parameters for carbon and oxygen in the Pbcn structure, 0.169(9) A 2 and 0.084 Å 2 respectively, are ν Fig. 15 : Comparison between the experimental Raman (top) and IR (botton) spectrum of phase IV (blue curves), and the theoretical ones for the R 3c crystal (red curves). The experimental Raman spectrum was measured at 20.9 GPa and 295 K on the same sample as that used for structure solution. The experimental IR spectrum comes from Ref. [60] . The theoretical spectra were computed at the same volume as the experimental ones. An arbitrary width has been added to the simulated peaks for easier visualization (3 and 0.7 cm À1 for lattice and ν 2 modes resp.). Symbols indicate calculated frequencies for E (y) and A (y) modes.
Data collection
θ Fig. 16 : Comparison between simulated X-ray powder diffraction patterns of the R 3c and Pbcn structures. The top black and bottom red solid lines are the simulations for the R 3c and Pbcn structures respectively, obtained with the FULLPROF software [94] using a X-ray wavelength of 0.3738 Å and the unit cell, atomic and thermal displacement parameters at 15 GPa-300 K given in Ref. [58] for Pbcn and in Ref. [61] for R 3c (see also Tab. 2). The circles are a LeBail fit of the Pbcn pattern using the R 3c structure (with all atomic parameters fixed), and the blue line is the fit residual.
unrealistically large: typical values for these parameters are in the range 0.02-0.06 Å 2 for light atoms, and singlecrystal values for phase I of CO 2 at 1 GPaÀ295 K are 0.056 Å 2 for O and 0.042 Å 2 for C [66] . In the R 3c structure at 15.2 GPa, the thermal displacement of the oxygen atoms is 0.0145(3) Å 2 , which is identical to that determined for single-crystalline ε-O 2 at 15.5 GPaÀ300 K [46] (see Tab. 1). This example illustrates a well-known pitfall of Rietveld refinements of powder diffraction data: very different structures can be fitted to the same pattern. Care must thus be taken that the model used does not overfit the data with excessive number of parameters and is physically reasonable.
Phase V
Phase V was discovered in 1999 by Iota et al. upon laser heating the molecular phase III above 40 GPa and approximately 1800 K [76] . The non-molecular character of this phase was first inferred from the presence of a strong Raman band at 800 cm À1 at 41 GPa, which extrapolated to ambient pressure and mass-scaled to SiO 2 is close in frequency to the intense OÀSiÀO stretching vibration in the quartz structure (464 cm À1 ). Nearly at the same time a theoretical study by Serra et al. predicted from ab initio molecular dynamics the occurrence of nonmolecular phases of CO 2 in the same pressure range as the experimental study, and reported that the most stable polymorph above 35 GPa was α-quartz [77] . Phase V was later obtained by laser heating of any of the other molecular (II, III, IV) or non-molecular (amorphous, phase VI) phases above 30-40 GPa and is thus thought to be the thermodynamic stable phase at these pressures [56, [78] [79] [80] . This is actually supported by 0 K DFT calculations [81] [82] [83] which predict that it is the most stable phase above +20 GPa, up to at least 150 GPa. Understanding the structure of this phase has been until recently a long-standing issue. Only two experimental studies had been reported on the subject in the period 1999-2011 [84, 85] , which stood in sharp contrast with the several theoretical investigations devoted to this issue in the same time frame [77, [81] [82] [83] [86] [87] [88] . Yoo et al. measured the X-ray diffraction pattern of a temperaturequenched CO 2 -V sample at 48 GPa and 300 K [84] , produced by indirectly heating CO 2 via laser-irradiated ruby pieces. These authors proposed a P2 1 2 1 2 1 model similar to the tridymite structures of SiO 2 , composed of interconnected layers of CO 4 tetrahedral units. This structure and several other isomorphs of SiO 2 have been investigated using density functional theory (DFT). After Serra et al.'s pioneer work [77] , Dong et al. [86, 87] compared several candidates and found that the tetragonal β-cristobalite structure with space group I 42d had the lowest enthalpy. Moreover, they observed that the experimental P2 1 2 1 2 1 structure proposed in Ref. [84] was far from equilibrium. Holm et al. [88] agreed that the β-cristobalite form has the lowest enthalpy at 0 K but argued that the P2 1 2 1 2 1 structure could be stabilized at the high temperature conditions of the experiment. More recently, evolutionary structure searches by Oganov et al. [81] supported the stability of β-cristobalite at pressures 50-150 GPa and 0 K, but also suggested some new competitive metastable forms. Using metadynamics calculations [83] , or by analyzing possible transition pathways [82] , it was found that, despite its higher enthalpy, the P4 1 2 1 2 α-cristaobalite structure may be easier to form in the stability range of phase V. In a 2010 report [85] , Seto et al. measured the X-ray pattern of CO 2 -V samples produced by direct CO 2 -laser heating at pressures of 40-90 GPa. Their patterns are different from those of Ref. [84] and agreed qualitatively with that of the β-cristobalite structure. However, the quality of their data was not sufficient to solve nor refine the structure.
The solution of the CO 2 -V structure was eventually reported by Datchi et al. [32] using synchrotron X-ray powder diffraction at ESRF ID27. This could be achieved using an original sample topology based on the properties of CO 2 /He mixtures [21] , as explained below.
The high pressures and temperatures needed to produce CO 2 -V require the use of the laser-heated diamond anvil cell technique [89] . There are two well-known issues regarding this technique: first, chemical reactions may occur between the sample and the materials used to couple with the infrared laser or those used to thermally insulate the sample from the diamond anvils. Even stable and chemically inert materials at ambient conditions may easily react at high P-T, as is the case for example for N 2 with platinum [90] . Secondly, laser heating produces large temperature gradients inside the sample, especially when the latter is not thermally insulated from the diamond anvils. In the case of CO 2 , this results in an incomplete transformation of the sample into the polymeric phase, and its mixing with other molecular phases (III, II, and/or IV) which are all metastable at room temperature. This is especially problematic for structural determination as it makes indexing of Bragg reflections ambiguous.
The solution of these problems was found in the present case by using a CO 2 /He mixed sample with 1 mol % CO 2 concentration (referred later on as sample 1). Because CO 2 and He unmix in the solid phase, it is possible to grow a pure sample of solid CO 2 embedded in helium in the sample chamber of a diamond anvil cell, as explained in the Experimental section. The large concentration of He in the mixed sample was chosen to ensure that the CO 2 component was completely surrounded by He, with therefore no contact with the diamond anvils or gasket. This has two important advantages: First, helium provides a thermal insulating layer between the CO 2 sample and the diamond anvils, helping in reducing the temperature gradients while laser heating. Second, it provides a soft (quasi-hydrostatic) pressure medium for the CO 2 solid. In order to prevent from any potential reaction between CO 2 and a laser absorbing material, a CO 2 laser (λ ¼ 10:6 μm) was used to directly heat the sample, as in Refs. [78, 85] . For comparison, a second sample (sample 2) was also prepared, composed of 100% CO 2 , thus with no thermal insulation from the diamond anvils, and no pressure transmitting medium.
The two samples were compressed to +40 GPa and then laser heated to +1800 K in order to produce phase V. The successful synthesis was confirmed by the measurement of the Raman spectra which presented the characteristic features of phase V as reported in previous works [76, 79] . In sample 2, the Raman spectrum also contained modes from the molecular phase, showing that the transformation was not complete as expected from the absence of thermal insulation. By contrast, no molecular peaks could be detected in the Raman spectrum of sample 1, confirming that He provides an efficient thermal insulation layer. Although the sample was initially composed of a single crystal of phase I located at the center of the sample chamber (Fig. 17a) , after laser heating it appeared as a fine powder spread in the He medium over the gasket hole (Fig. 17b) .
The X-ray diffraction images collected from the temperature quenched samples are shown in Fig. 18 . The complete powder rings from the CO 2 phase are indicative of high quality powders. Integration of the images with FIT2D [91] produced the patterns presented in Fig. 19 . For the CO 2 -He sample, the Bragg peaks from He and the Re gasket were readily identified from the known structures and equations of state of these two elements. Comparison of the remaining peaks with the X-ray pattern of sample 2 allowed to identify peaks from CO 2 -V in the latter. The diffraction peaks observed in the range 10°< 2θ < 11°in Fig. 19b (sample 2) are absent in the diffraction pattern of Fig. 19a (sample 1) , and thus come from untransformed molecular CO 2 .
Indexing of the 11 observed peaks between 7°and 22.2°strongly suggested a tetragonal unit cell with lattice parameters a ¼ b ¼ 3:552ð2Þ Å and c ¼ 5:919ð3Þ Å at 41 GPa (numbers in parentheses represent uncertainties at 3σ level). For a number Z ¼ 4 of CO 2 per unit cell in the polymer, the volume reduction at the III-IV transition is À19:5%, which is similar to that found in N 2 at the molecular-polymeric transition (À22%) [92] . Based on the systematic absences of Bragg reflections, the most probable space groups are I4 1 =amd, I4 1 md and I 42d. Structure solution was thus sought for each of these space groups and for Z ¼ 4 or 5, using the direct-space method implemented in the ENDEAVOUR software (Crystal Impact) [93] . No physically reasonable solution was found for I4 1 =amd and I4 1 md, while the search rapidly converged for I 42d and Z ¼ 4 to a solution with a low Bragg R-factor of 9%. As a matter of fact, starting with space group P1 and Z ¼ 4, the search also invariably converged to the same I 42d structure, showing that it is a deep minimum of the cost function. Full profile refinements of the X-ray patterns were conducted with the FULLPROF software suite [94] 1 . The values of the parameters obtained for the CO 2 -V phase from refinements of the spectra at +41 GPa are given in Table 3 .
The structure of CO 2 -V is displayed in Fig. 20 . The asymmetric unit is composed of one C atom at (0,0,0) and one O atom at (x, 0.25, 0.125), with x ¼ 0:214ð2Þ at 41 GPa. The structure may be described as a network of slightly distorted CO 4 tetrahedra bridged by oxygen 

1 We used the Thompson-Cox-Hastings pseudo-Voigt function for the peak profiles. In addition to the instrumental zero-shift correction and background coefficients, a minimal set of parameters were refined for each phase. For CO 2 -V, these are the scale factor, two lattice parameters (a ¼ b, c), the x coordinate of the oxygen atom (x O ), two shape parameters (W, X) for the profile function [94] , and an overall thermal displacement factor (B). For the mixed CO 2 /He sample, we included the following parameters for each of the He and Re phases: the scale factor, two lattice parameters, two profile coefficients and a preferred orientation model (modified March) coefficient.
atoms at the corners. The C-O distance is the same for all pairs within the tetrahedra, and is 1.38(1) Å at 41 GPa, but there is two different intra-tetrahedral EOCO angles of 106.6(2)°and 115.4(5)°. The angle of the C-O-C bridge between two tetrahedra is 113.2(2)°. This structure is isomorphous to the β-cristobalite phase of SiO 2 , 2 and is also common to other AB 2 compounds such as ZnCl 2 [95] , GeSe 2 [96] and GeS 2 [97] . This is also the structure which was predicted as the most stable in most DFT studies [81, [86] [87] [88] . Simultaneously as these results was published [32] , another study of the structure of phase V was reported by Santoro et al. [98] . These authors obtained phase V by CO 2 -laser heating a 100% CO 2 sample. A diffraction pattern was collected at 43 GPa, which is compared to the data from sample 2 (100% CO 2 ) in Fig. 21 . In the overlapping angular range, i.e. 2θ < 16:5°, the two patterns are very similar, except for small differences in relative intensities of the Bragg peaks. Santoro et al. refined their XRD pattern with the I 42d structure and obtained structural parameters in good agreement with the values of Datchi et al. [32] .
The structural evolution of phase V was followed on decompression of samples 1 and 2. The CÀO distance and intratetrahedral EOCO angles are barely affected by pressure between 8 and 50 GPa: the CÀO distance slightly decreases by 2% and the two angles change by less than 1°. The shape of the CO 4 tetrahedral unit thus barely changes in this pressure range. Similarly, the small dependence on pressure of the intertetrahedral ECOC angle evidences the rigidity of the CÀOÀC bridge, as previously noted by Dong et al. from DFT calculations [87] .
The variations with pressure of the lattice parameters and volume of CO 2 -Vare presented in Fig. 22 . In the 15-30 GPa pressure range, non-hydrostatic effects were observed in the 100% CO 2 sample, which was evident from the broadening of the diffraction lines. As a result, the length of the c axis exhibits a maximum around 25 GPa in the 100% CO 2 sample, while it shows a shallow minimum at about the same pressure in the hydrostatically compressed sample, in much better correspondence with DFT. An anomalous variation of the volume is also observed in the 100% CO 2 sample between 15 and 30 GPa, Fig. 18 : Details of the X-ray diffraction images from the 100% CO 2 sample at 40.8 GPa (A) and 1 mol% CO 2 /He sample at 48 GPa (B) after laser heating. Diffraction rings from CO 2 -V are indicated by their (hkl) indices, while He, Re and diamond indicates the diffraction from helium, rhenium gasket and diamond anvils respectively. Fig. 19 : Integrated XRD patterns collected at 41 GPa for (a) the sample of 1% CO 2 in helium, and (b) the 100% CO 2 sample [32] . Red circles: experimental data; black lines: full profile refinements; blue lines: fit residuals; green sticks: positions of diffraction lines from CO 2 -V. In (a), the background has been subtracted for easier visualization; diffraction lines from the He component and Re gasket are indicated. In (b), the greyed region has been excluded from refinement as it containsonly reflections from untransformed molecular CO 2 .  2 The I 42d structure is actually one of the proposed ones for the β-cristobalite phase of SiO 2 . The other plausible candidates are P2 1 3 and Fd 3m. Although this question has been debated for a long time, there is yet no consensus on the actual structure of this phase [102] .
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but not in the CO 2 /He mixed one. To extract the compressibility of CO 2 -V, only the data from the CO 2 /He sample was therefore used. The zero-pressure volume V 0 , bulk modulus B 0 and its pressure derivative B Table 4 compares these values with the previously reported experimental and theoretical results. There is exTab. 3: Refined structural parameters for the CO 2 -V phase obtained from the 100% CO 2 (40.8 GPa) and 1 mol% CO 2 -He (41.2 GPa) samples at 295 K [32] . a and c are the unit cell parameters in Å, x O is the x-coordinate of the O atom, W and X are the shape parameters for the Thompson-Cox-Hastings pseudo-Voigt profile function [94] , B is the overall thermal displacement parameter in Å 2 . The conventional reliability factors R Bragg , R p and R wp are also given in %. [32] for the 100% CO 2 sample (blue line), and by Santoro et al. [98] (black symbols: data; red line: refined pattern). The red tickmarks indicate the positions of the Bragg peaks of CO 2 -V. The non-indexed peaks around 10.5°w ere attributed to the Re gasket in Ref. [98] , whereas Datchi et al. [32] assigned them to non-reacted molecular CO 2 (see Fig. 18 ). [32] from the 100% CO 2 sample and the 1 mol% CO 2 -He sample, respectively; the red solid line is the Birch-Murnaghan fit to the CO 2 -He sample data. Dashed lines and dash-dotted lines represent DFT calculations using the LDA and GGA approximations, respectively. Grey up-triangles, black down-triangles and the star are experimental volume data from Refs. [84, 85, 98] , respectively. cellent agreement between the present experiments and DFT predictions, but a large difference with the bulk modulus obtained by Yoo et al. [84] (365 GPa). This questions the "superhard" nature of CO 2 -V as previously claimed. It can be noted however that the β-cristobalite phase of CO 2 is more rigid than the one of SiO 2 , which arises from the fact that the intertetrahedral X-O-X bridge (where X stands for Si or C) is more flexible in SiO 2 than in CO 2 .
Since the X-ray diffraction pattern, and therefore the structure of CO 2 -V determined by Datchi et al. [32] and Santoro et al. [98] are very different from those reported by Ref. [84] , it has been argued that the two works do not probe the same phase of CO 2 [74] . The large metastabilities of the high-pressure solid phases of CO 2 have indeed for consequence that different phases may be obtained at the same P-T conditions, depending on the followed thermodynamic path. However, the Raman spectra of the samples of Refs. [32, 98] are very similar to that reported by the Livermore group in Ref. [76] . No Raman spectra of the sample used in their XRD study is shown in Ref. [84] , although the reported conditions of synthesis of phase V -namely, indirect heating of molecular CO 2 -III with a Nd : YLF laser irradiating ruby pieces, are identical to those presented in Ref. [76] . The Raman spectra of phase V is well documented by various authors, and the same spectra has been consistently obtained using either indirect heating with a Nd : YLF laser [79] or direct heating with a CO 2 laser [32, 78, 98] . Furthermore, Fig. 23 shows the very good agreement between the experimental Raman spectra and that predicted by DFPT calculations [32] is compared to the theoretical spectrum for the I 42d structure calculated within DFPT/LDA using the PWSCF code [72] . The assignment of mode symmetries -A 1 , B 1 , B 2 or E, is indicated, the superscripts a, b, … differentiating modes of the same symmetry. The inset shows a zoom around the lowest frequency E modes, where the LO-TO splitting is more clearly apparent. Right: Comparison between the frequencies of the Raman modes of CO 2 -V determined by Datchi et al. [32] from the 1 mol% CO 2 /He sample (solid and open circles), by Iota et al. [76] (green solid lines) and by Santoro et al. [79] (purple dotted lines). The black solid lines are frequencies predicted by DFPT/LDA calculations [32] .
for the β-cristobalite structure, as also observed in Refs. [86, 98] .
Several experiments have also clearly established that CO 2 -V, as identified by its Raman spectra, is always obtained when the solid is heated above 35-40 GPa and 1800 K, whatever the starting phase or mixture of phases [56, [78] [79] [80] . Phase V is stable upon further heating to at least 3000 K at P > 40 GPa [76] , upon compression to P > 100 GPa [73] and decompression down to +10 GPa at 300 K. The molecular solid is only recovered by laser heating below 30 GPa or decompression below +10 GPa at 300 K. Hence this rules out the possibility that different structures can be obtained for phase V using different experimental P-T paths, as long as the P-T conditions of synthesis mentioned above are met. By contrast, the other non-molecular phases (a-carbonia [99] , phase VI [100] ) all appear to be metastable as they transform into phase V when annealed.
The different XRD pattern obtained in Ref. [84] could thus be due to a chemical reaction between CO 2 and the ruby. This opinion is substantiated by our own experience of laser heating CO 2 with a Nd: YLF laser using Al 2 O 3 as thermal insulation films, where we could detect unidentified phases mixed with CO 2 -V and unreacted molecular CO 2 (unpublished data). We also note that the authors of Ref. [85] outlined that NaCl, Al 2 O 3 and SiO 2 , which are commonly used as laser absorbers or thermal insulators, can easily react with CO 2 at high pressures and temperatures. As said above, chemical reactions in the laser-heated DAC are frequent and have been the source of multiple controversies (see for example Ref. [101] ).
Conclusions
In this paper, we have shown that accurate and reliable structural determinations of high-pressure phases of simple molecular compounds are now feasible up to pressures in the megabar range. This is thanks, on one hand, to major advances in synchrotron X-ray sources, which now provide X-ray beams of suitable intensity and focussed to micron-sized spots, and in detector technology, with improved sensitivity and short reading times, and on the other hand, to improved methods for obtaining single-crystal or powder samples of high quality, as described in the text. The use of He as pressure transmitting medium proved crucial to maintain the sample quality to above 100 GPa, and thus extract accurate structural properties and pressure-volume relationships. The combination of these techniques were exemplified on two systems, solid oxygen and carbon dioxide. In both cases, they allowed to determine the structure of the high pressure phases, from which an understanding of the effect of density on the molecular bonds in the solid phase up to the metallization (O 2 ) or polymerization (CO 2 ) could be achieved. We expect and hope that these methods will be useful for the study of other molecular systems.
